slightly but significantly increased (2.8 ± 1.5 fLI g-I min-I ) compared with uninvolved regions (0.9 ± 0.2 fLI g-I min -I ) and similar areas in control animals (0.9 ± 0.3 fLI g-I min-I ). Analysis of the autoradiographic method of determining transfer constants suggested that the AlB influx rate in the lesion areas may actually be manyfold larger than measured, that BBB permeability may be greatly increased at such sites, and that the areas of lymphocytic infiltration and increased K values may be virtually identical. Key Words: a-Aminoisobutyric acid-a-Aminoisobutyric acid diffusion-Blood-brain barrier-Blood-to-brain transport-Experimental al lergic encephalomyelitis-Quantitative autoradiography.
1981; Waksman, 1982; Alvord et aI. , 1984; Juhler et aI. , 1984) . There are many reports on the accom panying blood-brain barrier (BBB) damage (Barlow, 1956; Cutler et aI. , 1967; Leibowitz, 1969; Hirano et aI. , 1970; Oldendorf and To wner, 1974; Simon and Anzil, 1974; Kristensen et aI. , 1976; Daniel et aI. , 1981; Waksman, 1982; Juhler et aI. , 1984) . Qualitative methods, such as electron micro scopic detection of horseradish peroxidase (Hirano et aI. , 1970) or immunohistochemical demonstration of extravasated plasma proteins (Cutler et aI. , 1967; Oldstone and Dixon, 1968; Leibowitz, 1969; Juhler et aI. , 1985) , offer a fine spatial resolution and sug gest that the increased BBB permeability may be as focal as the histological changes. In quantitative methods, the spatial resolution until recently has been limited by macroscopic tissue dissection (Ohno et aI., 1978; Juhler et aI. , 1984) , and they may fail to detect highly focal changes such as ex perimental allergic encephalomyelitis lesions, which are of a typical radius of � 100 iJ-m. This might explain why it has been difficult to show a statistically significant increase in BBB perme ability in experimental allergic encephalomyelitis until the disease is fulminant with numerous con fluent eNS lesions (Leibowitz, 1969; Oldendorf and To wner, 1974; Daniel et ai. , 1981; Juhler et ai. , 1984) . Quantitative autoradiography has a theoretical lower limit of spatial resolution of -50 fJ-m deter mined by the energy and intensity of radiation, by the geometry between emulsion and radioactive source, and by the type of emulsion (Smith, 1983) . Furthermore, this method offers precise and direct correlation between histology and regional BBB permeability (Blasberg et aI. , 1981 (Blasberg et aI. , , 1983b . Quan titative autoradiography should thus be ideal for the study of focal abnormalities such as experimental allergic encephalomyelitis, and was used in the present study to measure regional blood-to-tissue transfer constants (K]) of a-aminoisobutyric acid (AlB) in Lewis rats with acute experimental allergic encephalomyelitis.
Another unresolved question is the way that cells and/or antibodies cross the BBB to initiate the im munological reaction in the eNS. Some regions of the eNS normally exhibit a higher permeability than others (Brightman and Reese, 1969; Rappo port, 1976; Bradbury, 1979; Juhler et ai. , 1985) . Here, exchange between tissue fluid and circulating cells and plasma proteins such as immunoglobulins occurs readily. An analysis of the distribution of the experimental allergic encephalomyelitis lesions in the eNS was made to investigate if there could be any connection between these permeable regions and the usual sites of the lesions.
MATERIALS AND METHODS

Induction of experimental allergic encephalomyelitis and animal preparation
Twelve male Lewis rats weighing -250 g were inocu lated in both hind footpads with 0.2 ml of an emulsion consisting of homogenized guinea pig spinal cord (Pell Freeze Biologicals, Rogers, AR, U.S.A) in an equal volume of complete Freunds adjuvant (Difco Laborato ries). When symptoms of experimental allergic enceph alomyelitis occurred, i.e., tail paresis, hindlimb paresis, urinary incontinence, 2-3 weeks after inoculation, the animals were used for the studies. Five age-and sex matched rats were used as controls.
Animal preparation was performed under light barbi turate anesthesia (42 mg pentobarbital kg -I ), which al lowed spontaneous respiration and involved the insertion of catheters into the femoral artery and vein bilaterally. An extracorporeal shunt (arteriovenous loop) was formed by connecting the vessels on one side with a three-way stopcock, which was subsequently used for the sampling of arterial blood (Molnar et aI., 1983) . The free femoral vein served for intravascular administration of the test substance.
J Cereb Blood Flow Metabol, Vol. 5, No.4, 1985 Arterial blood pressure was continuously monitored via the other femoral artery catheter. If mean arterial blood pressure dropped below 80 mm Hg, the animal was excluded from the study. The mean arterial hematocrit was 39% (range 33-44). Body temperature was kept be tween 35 and 37°C by means of servo-controlled heat lamps.
Radiochemical material
AlB is a synthetic, nonmetabolizable neutral amino acid that readily enters brain cells but slowly moves across brain capillaries, i.e., the BBB (Blasberg et aI., 1983b) . Because brain cells tend to trap locally any AlB that crosses brain capillaries, discrete increases in blood brain transfer of AlB, which are suggestive of general or nonspecific permeability changes, can be studied with good spatial accuracy using 14C-Iabeled AlB as a BBB marker and assaying for local 14C activity of the tissue by quantitative autoradiography (Blasberg et aI., 1981 (Blasberg et aI., , 1983a .
Labeled AlB (l_14C), 40-60 Ci mol-I , was obtained from New England Nuclear (Bostot1, MA, U.S.A.). Iso topic purity was determined by chromatography (Molnar et aI., 1983 ) and found to be >99% of the radioactivity localized to the appropriate chromatographic region.
Experimental procedures
All experiments were conducted in heparinized animals under light barbiturate anesthesia and were 30 min long. At the beginning of the experimental period, 100 fJ-Ci of [l4CJAIB in 1.0 ml of saline (pH adjusted to 7.2-7.5) was administered as a rapid bolus into the femoral vein. Im mediately thereafter, small (-0.1 m!) blood samples were drawn through the three-way stopcock at 5-to IO-s in tervals for the first 60 s and at 0.5-to 5-min intervals for the remainder of the experiment. As soon as possible, all blood samples were centrifuged, and plasma samples were obtained.
Thirty minutes after [14CJAIB administration, a final blood sample was taken, and the animal was decapitated with a small animal guillotine (Blasberg et aI., 1983a) . The brain and spinal cord were removed within 1 and 7 min, respectively, of decapitation and immediately frozen in liquid Freon cooled to -40°C in dry ice.
The frozen, embedded tissues were cut into 20-fJ-m thick sections in a cryomicrotome. By alternately taking one tissue section for quantitative autoradiography and the next one for histological preparation, paired sets of auto radiographic and histologic data were obtained throughout the entire brain and spinal cord (Blasberg et aI., 198 1; Groothuis et aI., 1983) .
Plasma radioactivity was measured by beta liquid scin tillation counting using a Beckman LS-350 spectrometer and external standard quench correction. Tissue 14C ac tivity was determined by exposing Kodak SB5 x-ray film to the dried tissue sections and sets of [14CJmethyl methacrylate standards for 2 weeks (Blasberg et aI., 1981; Groothuis et aI., 1983) .
Analysis of data
A blood-to-tissue transfer constant (K 1 ) was calculated from the tissue and plasma radioactivity data:
where Am(]) is the measured activity of r I 4C]AIB in the tissue (nCi g-I ) at time T, T is the experimental time (30 min in this study), Ay(]) is the activity (nCi g-I ) in the vascular compartment of the tissue at time T, and Cp is the plasma concentration (nCi J .. d -I ) (Ohno et a!., 1978) .
Since AIB distributes in plasma but not red cells, the activity of [14C]AIB in the vascular compartment was cal culated from Ay(]) = VpCp(]), where Vp is the plasma volume in the tissue (J.LI g-I ) (Juhler et a!., 1984) . The plasma volume was determined from short-duration (1min) experiments using 5lCr-Iabeled red cells to indicate the red cell volume and the central hematocrit to convert to plasma volume (Jacobs et a!., 1976); regional values of Vp were measured by quantitative autoradiography and image analysis. The parameters in the equation can be measured by experiment. The denominator is the driving force for in flux, namely, the arterial concentration-time integral of AIB; the numerator is the amount of material that has passed from blood into brain and remained within the parenchyma during the course of the experiment.
The transfer constant calculated from the experimental data has units of plasma clearance (J.d g-I min -I ). When (a) backflux of the tracer from brain to blood is negligible relative to the influx, (b) diffusional movement of the tracer through the parenchyma is trivial, and (c) the nu merator in the equation represents radioactivity in tissue parenchyma per se at the time of decapitation, then the measured K I approximates the actual local unidirectional uptake or influx constant, which is a function of capillary blood flow, surface area, and permeability (Fenster macher et aI., 1981) .
In practice, local measurements of optical density were made on the x-ray films by computerized high-speed den sitometry; these data were stored in digitized form in the image array analyzer and converted to local K I values by means of the appropriate algorithm. Thereafter, an image of KI values for an entire tissue section could be projected on a video monitor. Corresponding histological sections were digitized by a video camera system, and the images were stored in a similar manner for subsequent analysis. Alignment between the histological and autoradiographic images was performed by superposition of the image pairs in the two channels of the image array processor (Blas berg et aI., 1981) .
The lesions were defined as foci of lymphocytic infil trations and were always characterized on the digitized histological images by a higher optical density than normal neural tissue. Therefore, the lesion areas could be identified and outlined using a computerized density slicing technique. Since the histologic and autoradio graphic images were coregistered, this procedure outlined not only the histologically defined lesion but also the matching area on the K I image. In this manner, the transfer constants (K 1 of the lesion) and the areas of the lesions could be measured, and mean values determined. Likewise, transfer constants in areas distant from lesions, K I (distant), and in control animals, K I (control), were measured by outlining appropriate, similar-sized areas on the aligned images.
The values of the transfer constants for the areas ad jacent to lesions, K I (adjacent), were noted to be some what greater than those of K I (distant). They were mea sured by enclosing a few lesions within a rectangle (in which the lesions composed 5-10% of the total area), excluding the lesions themselves, and averaging over the remaining area.
An area was considered to have a notably high K I value if K I was >3 SDS above K I (distant) for that same animal. For instance, when K I (distant) = 1.0 ± 0.2 (SD) J.LI g-I min -I , the lower limit of "increased" K I would be 1.6 J.LI g-I min -I . In this way, the total area of increased K I could be determined from the autoradiographically de rived image and compared to the companion histological image.
The reproducibility of the method was checked by an internal alignment consistency test involving the mea surement of K I (lesion) after three separate alignments of the autoradiographic image to its histological correlate for each of 15 different image pairs. The variation of the mea sured K I (lesion) was found to be 4 ± 3% (SD). This accuracy was not increased by processing the autoradio graphic sections for histological examination after x-ray film exposure and using them as histological correlates to the autoradiograms as described above.
Regions studied
The frequency and distribution of lesions were studied in each of the following regions of the CNS: (a) in the forebrain in an area between the lateral and third ventri cles; (b) in the brain stem at (i) the level of the area postrema/cerebellar peduncles, (ii) the level of entry of the trigeminal nerve, and (iii) the pons; and (c) in the longitudinally sectioned spinal cord at (i) the level of the posterior horns and the entry zones of the posterior nerve roots, (ii) the level of the central gray matter and central canal, and (iii) the level of the anterior horns. The results obtained were compared to assess differences in the dis tribution pattern and the extent of lesions at the different levels of the neuraxis.
At all the CNS levels mentioned, K I (lesion), K I (ad jacent), and K I (control) were measured; however, KI (distant) and the average K I value for entire sections, K I (average), were measured in spinal cord only. As will be presented in Discussion, KI (average) was determined as a way of assessing the sensitivity of the customary tissue sampling technique used in radiotracer studies, namely, coarse tissue dissection.
RESULTS
Regional distribution of lesions
On examination of the CNS by light microscopy, the lymphocytic cellular infiltrates typical of exper imental allergic encephalomyelitis were seen both as loosely aggregated peri venular accumulations and as densely packed cuffs. As shown in Fig. 1 , cranial portions of the CNS had fewer lesions than caudal portions. The results for different levels of the spinal cord have been combined, as no differ ences between caudal and rostral portions could be demonstrated.
In the spinal cord sections, lesions were observed primarily at the gray/white matter junctions in 90% of the animals (Fig. 2) . Comparisons of the lesion area were made among sections cut at the level of the posterior horn/dorsal root entry zone, the cen tral canal, and the anterior horn of the spinal cord. The lesion area within the most seriously involved part in each section relative to total cord area was calculated: A lO-20% lesional area was obtained for posterior horn and central gray matter sections compared with a 3-5% lesional area for the anterior horn zone.
In the brainstem of 75% of the animals, a typical distribution pattern was observed, with lesions clus tering along the entry zone of the trigeminal nerve, at the attachment of the choroid plexus, or in the cerebellar peduncles. Only three animals had le sions in the forebrain; they were exclusively seen at the attachment of the choroid plexus.
Regional blood-to-brain transfer constant
The 5
] Cr data indicated that the mean red cell space (±SEM) was 3.8 ± 0.3 IJ.,l g-] in control areas of the CNS and 4.5 ± 0.5 f.d g-] in experimental allergic encephalomyelitis lesions. Since the mean hematocrit in these animals was �50%, these esti mates of the red cell space are also good approxi mations of the plasma space (Vp) and were used accordingly in the calculation of K]. At all of the chosen levels, K] (lesion) and K] (adjacent) were somewhat higher than K] (distant) and K] (control) ( Table O . The values of K] (lesion) and K] (adjacent) were found to be similar at the different levels of the CNS by the Hotellins T 2 test. Thus, the results for all the levels have been aver aged to obtain a mean K] (lesion) and a mean K] (adjacent) (Table 1; Fig. 3 ). Transfer constants were also determined in areas distant from the lesions in experimental allergic encephalomyelitis animals, K] J Cereb Blood Flow Metabol, Vol. 5, No. 4, 1985 (distant), and were comparable with those of con trol animals, K] (control).
Statistical analysis by Bonferroni t test indicated significant differences (p < 0.01) comparing K] (le sion) and K] (adjacent) with K] (control). K] (lesion) differed from both K] (adjacent) and K] (distant) at an equal level of significance. The difference be tween K] (distant) and K] (control) was not signif icant.
The spatial correlation between histological le sions and areas of increased permeability is shown in Ta ble 2. The area of brain tissue with increased K] values, K] (distant) + 3 SDs, was significantly greater than the mean area of the histologically de fined lesions.
The average K] value for all spinal tissue ex cluding meninges, K] (average), was measured and compared with K] (lesion) and K] (control) (Fig. 4) . Bonferroni t statistics showed a significant differ ence between K] (lesion) and K] (average) (p < 0.02).
DISCUSSION
Distribution of lesions
If the distribution of histological lesions de pended on the likelihood of the opening of CNS capillaries by some blood-borne agent, then areas with the greatest density of capillaries, such as the cerebral cortex and the inferior colliculus in the brain and the gray matter in the spinal cord, would have the greatest probability of being opened. Such a correlation was not found. Instead, the infiltrative and BBB lesions, which matched each other in all instances, were seen at levels of the CNS adjacent to regions where the capillaries are normally perme able or "leaky," such as the entry zone of the tri geminal nerve and the spinal roots, the area pos trema, and the choroid plexus (Brightman and Reese, 1969; Rappoport, 1976; Bradbury, 1979; Juhler et aI., 1985) . Lesions were seen only rarely above the brainstem level, and the few lesions in the forebrain were adjacent to the choroid plexuses.
In the spinal cord, the frequency or density of lesions was three to five times greater in the dorsal root entry zone, dorsal horn, and central gray matter than in the ventral horn; and lesions were located predominantly at the gray/white matter junction.
In the spinal cord, as in the brain, there is a cor relation between lesion distribution and proximity to tissues that normally have relatively permeable capillaries. Permeable capillaries near to the spinal cord are found in the dorsal root ganglion and the dorsal and ventral roots (Olsson, 1968; Jacobs et aI., 1976; Juhler et aI., 1985) . The radicular arteries mental allergic encephalomyelitis (EAE). There are many histological lesions (lymphocytic accumulations), which are found mainly at gray/white matter junctions. The increase in blood-brain barrier permeability corresponds spatially to the lesions. The increase is maximal at the actual lesions, gradually decreasing toward normal values at increasing distance from the lesions. and veins have perivascular spaces that may be con tinuous with the interstitium of the spinal roots, the spinal ganglion, and the spinal cord, and may serve as routes of exchange by diffusion, and possibly convection, between these structures. As the leakage of protein into the interstitium is greater in the dorsal root than in the ventral root and as a greater number of radicular arteries and veins are associated with the dorsal than with the ventral root (Jellinger, 1974; Tveten, 1976) , it is conceivable that an agent would pass more readily into the spinal cord by the dorsal root and its associated vascula ture than by the ventral root. This would explain that the density of lesions was found to be greater and Kj (distant), and Kj (adjacent) is significantly higher than Kj (distant). There is no difference between K j (distant) and Kj (control) (see Fig. 3 ).
in the dorsal spinal cord than in ventral spinal cord.
Electrophysiological studies also indicate that ini tiation of the disease process takes place in the dorsal ganglion (Pender and Sears, 1984) .
In summary, the distribution of lesions through out the CNS indicates a possible correlation be tween the lesion sites and the areas in and around the brain and spinal cord that have relatively perme able capillaries. Additionally, BBB damage occurs several days before cellular infiltration (Old stone and Dixon, 1968; Leibowitz, 1969; Juhler et aI., 1984) . These relationships suggest that initially hu moral agents may bypass the BBB and enter the interstitium surrounding the more permeable cap illaries, subsequently passing into the adjacent BBB-protected neural parenchyma rather than passing directly through the BBB. 
Transfer constants
The BBB damage in experimental allergic en cephalomyelitis is focal (Figs. 2 and 5) , corre sponding to the histological lesions that are defined by the areas of lymphocytic infiltration.
A variety of different approaches have been used to assess alterations in CNS capillary permeability and its correlation to lymphoid cell infiltration in the Lewis rat and other models of experimental al lergic encephalomyelitis. The studies differ by (a) the marker of BBB permeability employed and (b) the method of sampling and analyzing the tissue for the marker.
By measuring the mean transfer constant of en tire sections, K] (average), the present study also evaluated the sensitivity of conventional tissue sampling methods as applied to small, widely sep arated lesions. K] (average) was compared with K] (lesion) determined from the same sections. As might be expected, the differences between K] (le sion) and K] (average) were highly significant (Fig.  4 ), but K] (average) was still significantly greater The area of histologically defined lesions was determined by a computerized analysis of optical density in histological prep arations. This could be done as the lesions (lymphocytic infil trations) were considerably darker than the surrounding neural tissue. Areas of Kj (defined) lesions were determined as areas with a Kj value> 3 SDs above the K 1 value of areas with normal permeability distant in the same animal. . K1 values ± SEM for lesion areas (lesion), entire sec tions comprising lesion as well as non lesion areas (average), and areas distant from the lesion (control). K1 (lesion) is sig nificantly higher than K1 (average), and K1 (average) is sig nificantly higher than K1 (control). See the text for further details.
than KJ (control). This finding indicates that tissue sampling techniques may detect localized changes in capillary permeability but will greatly underesti mate the change. Increased amounts of AlB were also found ad jacent to the lesions as a ring of -O.4-mm depth. The maximum values of K] are seen in areas infil trated with lymphocytes. With increasing distance from the inflamed vein, the values of K] decrease; at 0.4 mm from the margin of lymphocyte infiltra tion, the levels of AlB in the tissue were indistin guishable from those in distant brain parenchyma «3 SDs above the value for normal brain).
The discrepancy between the mean area of the histologically defined lesions and the mean area with increased K values is evident in Ta ble 2. There are two ready explanations for this.
First, the permeability of the capillaries in the parenchyma around the area of lymphocytic infil- . 2 ) are found mainly at the gray/white matter junctions. The increase in blood-brain barrier (BBB) permeability corresponds spatially to the lesions. The areas with BBB damage are not as confluent and do not involve as large areas as seen in Fig. 2 tration may, in fact, be elevated above normal. Second, the lower limit of spatial resolution in 14C autoradiography may be more than the theoretical 50 J.1m. Diffusion of the tracer could occur as well during the actual experiment owing to less efficient "trapping" of AIB by the cells in the pathological tissue, as after the experiment during removal of the tissues and preparation of the sections. The latter has been empirically determined (Smith, 1983) and amounts to �200 J.1m.
To assess any contribution to the limitation in spatial resolution by diffusion during the experi mental period, diffusion within and around a sphere of 0.13-mm radius (an approximation to the ob served geometry of the histological lesions) was modeled (C. S. Patlak et aI., unpublished observa tions) using the appropriate time course of plasma activity and the apparent diffusion coefficient of 7 x 10 � 7 cm2 s � 1 in rabbit brain measured by Fen stermacher and Davson (1982) .
The diffusional movement of AIB out of the small tissue sphere with altered capillary permeability was found to be sizable over 30 min. Diffusion would deliver significant amounts of [14C]AIB at least as far as 250 J.1m beyond the outer edge of the sphere. Over this distance, the tissue concentration and the transfer constant of AIB would drop from 72 to 20% of their respective average values within the actual lesion. The concentration of AIB at the edge of the sphere was �60% of that at the center, and the "measured" mean transfer constant within the entire sphere was only 3% of the true capillary transfer constant, regardless of the Kl values used in the model for the sphere. Therefore, if this dif fusional analysis approximates the real situation in and around the experimental allergic encephalo myelitis lesions, the actual transfer constants for the more permeable capillaries may be one to two or ders of magnitude greater than the K (lesion) values listed in Ta ble 1.
The results produced by this type of premortem analysis of diffusion depend strongly on variables such as the duration of the experiment, the effective diffusion coefficient of the radiotracer in brain tissue, and the size and shape of the lesion. Ac cordingly, the data derived from the model are highly specific for the conditions employed and should not be considered true for all 14C-labeled compounds and experimental conditions. Despite this reservation, pre mortem and post mortem diffusion of [14C]AIB plus the theoretical and practical limitations of the resolution of 14C quantitative autoradiography could easily account for the differences between the areas of lympho cytic infiltration and of apparently elevated capil-J Cereb Blood Flow Metabol. Vol. 5. No.4. 1985 lary permeability. Moreover, these restrIctIOns on the spatial resolving power of AIB quantitative au toradiography also lead to marked underestimations of local influx and the local blood-brain transfer constant of AIB for very small lesions.
Studies of physiological and biochemical prop erties of experimental allergic encephalomyelitis should consider the focality of this disease process and use appropriate methods.
If the volume of tissue with opened or leaky cap illaries is small relative to the total volume of tissue sampled (e.g., < 10%, as in the present study), then a very small and possibly immeasurable increase in marker uptake would be measured despite a marked local elevation in blood-to-tissue exchange. The as sessment of alterations in BBB permeability by con trast-enhanced computed tomography or positron emission tomography would thus seem to be greatly compromised in patients with comparatively small, multifocal lesions such as arise in multiple sclerosis and lupus erthyematosus.
